The fishbone-like internal kink instability driven by supra-thermal electrons generated by lower hybrid current drive is an important issue of burning plasma research. Indeed, the trapped particle averaged bounce characterizing the interaction of trapped alpha particles with low-frequency MHD modes in burning plasmas depends on energy, not on mass, hence the charged fusion product effects can be usefully modelled by the analogous effect induced by the fast electrons on the low-frequency MHD modes.
Introduction
The fishbone-like internal kink instabilities driven by suprathermal electrons generated by lower hybrid current drive (LHCD) and electron cyclotron resonant heating (ECRH) powers should provide a strong contribution to burning plasma research. The interaction of trapped alpha particles with lowfrequency magnetohydrodynamic (MHD) modes in burning plasmas is, indeed, characterized by small dimensionless orbits similar to electrons, so that the trapped particle averaged bounce depends on energy, not on mass. The fast electrons on the low-frequency MHD modes can usefully give a way to model the charged fusion product effects [1] .
Fishbone-like internal kink instabilities driven by electrons were observed for the first time on Doublet III-D during ECRH experiments and attributed to barely trapped supra-thermal electrons characterized by drift reversal [2] . 1 Author to whom any correspondence should be addressed.
Modes propagating in the ion diamagnetic direction that can be destabilized in the presence of an inverted spatial gradient of the supra-thermal electrons provide the basic physical mechanism of this instability. In Frascati Tokamak Upgrade (FTU) experiments optimizing the q-profile evolution by LHCD power (1.7 MW) for producing internal transport barriers, a typical electron fishbone-like activity was observed. As shown in [1] , the level of coupled LH power would control the transition from the nearly steady state to bursting electron fishbone oscillations. Quasi-steady-state non-linear oscillations (fixed point) are consequently followed by regular bursting (consistent with the limit cycle). Analogously to the fast ion losses accompanying ion fishbone excitation, during the electron fishbone activity a significant redistribution of the fast electron population is expected to occur. Therefore, the occurrence of a spatial redistribution of supra-thermal electrons, in the presence of a suitable evolution of the plasma current density profile, consisting of q min ≈ integer occurring at radial layers located off-axis would provide a signature characterizing the phenomenon [1] .
Recently, clear evidence of supra-thermal electron redistributions, measured by hard x-ray emission, was reported on Tore Supra [3] and shown to be due to low-frequency MHD activity produced by the fast electrons themselves. In this experiment, hard x-ray data analysis showed the existence of two different supra-thermal electron tail spatial distributions, in correspondence to the observation of distinct branches of the same mode, which oscillate at different frequencies.
In the new electron fishbone studies in FTU, a radial redistribution of electrons occurs during the dynamic evolution of one electron fishbone burst. This condition, peculiar to the fishbone fixed point regime, has been obtained by utilizing a lower LH power than in the previous experiments on FTU, in which the limit cycle condition was also met [1] .
The fast electron bremsstrahlung (FEB) camera available on FTU has been utilized as the main tool for producing this work. The original feature of a high time resolution available for data analysis, consisting of the minimum time discrimination of 4 µs (all inclusive), characterizes the FEB camera [5] . Also a new tool for MHD data analysis based on the soft x-ray tomography [6] has been utilized, together with a modelling of the q-profile evolution based on the kinetic and magnetic data of the experiment. In this way, the experimental operations necessary for fishbone destabilization have been addressed, in order to control, by means of a suitable LH power waveform, the q-profile evolution when approaching q min ≈ 1, so that the conditions indicated by the theory in [1] have been produced with the necessary precision.
As a main result, a marked redistribution in space occurs (across layers centred at r/a ≈ 0.20-0.33) during the bursts observed by the MHD diagnostic. It is in phase with the fishbone oscillation, has the same time scale and the same radial position of the emission peak seen by x-ray tomography diagnostic. With more detail, radial redistributions of electrons occur during the dynamic evolution of a fishbone burst (one single mode, no transition). The hard x-ray analysis, utilizing sliding time windows centred at the beginning of the burst, right after the burst peak and at the burst minimum, allows one to observe, respectively, an unperturbed electron distribution, the maximum of the radial redistribution and a partial reconstruction of electron distribution. Such evidence of mode non-linear evolution and supra-thermal electron radial redistributions is consistent with the mode non-linear dynamics [1, 4] .
Scheme of the fishbone instability experiment on FTU
As expected by theory [1] , the fishbone-like modes should occur in the presence of the q-profile approaching the condition q min ≈ 1, and a sufficient LHCD-produced population of fast electrons. For an accurate search of the fishbone features, such as threshold conditions and typical timing on the scale of the q-profile evolution, a LH power up to 0.5 MW has been utilized. Standard FTU operating conditions (B T = 5.3 T, I P = 0.5 MA, n e = 0.5 × 10 20 m −3 , R = 0.93 m, a = 0.33 m) have been considered. In order to produce the q-profile evolution necessary for the experiment, the LH power is applied just before the onset time of the sawtooth, i.e. under the condition of q min ≈ 1. The sawtooth onset time point is individuated by a companion plasma discharge performed with the same parameters but without LH power. In order to detect the radiofrequency power threshold with the necessary precision and the relevant timing of the q-profile evolution, a relatively slow evolving q-profile should be produced. This condition is obtained by addressing the experimental operations with the help of a q-profile evolution modelling supported by the available kinetic and magnetic data, and applying the LH power waveform at a proper time point. In addition, in the very early phase of discharge, when the LH power cannot be applied to avoid plasma disruption due to the still too high loop voltage, the useful slow current relaxation is still guaranteed by utilizing the low recycling/high peripheral electron temperature operation, which is provided by the lithizated vessel facility available in FTU [7] . Figure 1 shows the time evolution of the main plasma parameters of the reference experiment. The LH power (figure 1(d)) switch-on is performed (at t = 0.3 s) 0.14 s after the end of the plasma current ramp-up ( figure 1(a) ). The LH power waveform consists of three steps (the first of 0.2 MW at 0.30 s, the second of 0.5 MW from t = 0.36 s and t = 0.80 s, the third again of 0.2 MW from t = 0.80 s to t = 0.85 s) with the aim of maintaining the condition q min 1 necessary for fishbone destabilization. The modelling of the q-profile evolution utilized for the design of the experiment considers the realistic conditions of operation. This modelling has been produced by the JETTO code considering the whole plasma discharge, including the very early phase of the current ramp-up. As inputs, the measured kinetic profiles, the equilibrium data reconstructed by magnetic measurements and the LH current density profile obtained by the LHstar code [7] [8] [9] have been utilized. As special features of the LH model utilized for individuating the deposition profile, the ray-tracing + Fokker-Planck analysis is simultaneously performed during propagation of each spectral component. The spectral broadening effect produced by ionsound-quasimode-driven parametric instability at the edge is taken into account, as this phenomenon was recognized to be a general phenomenon accompanying the radiofrequency power coupling in experiments utilizing externally launched LH waves in tokamak plasmas [8] [9] [10] .
Experiment parameters and q-profile evolution
The modelled q-profile evolution, in the presence of the LH power waveform, is shown in figure 2 . It indicates that the q-profile at the normalized flux coordinate ρ ≈ 0.3 has a nearly flat shape and satisfies the condition q min ≈ 1 for t 0.40 s. In this condition, during the experiment, the LH power was switched to the highest power step (0.5 MW, see figure 1 ) with the aim of maintaining the q-profile unchanged as an effect of the non-inductive current driven by the LH waves. This goal was actually obtained, as shown in figure 2: the q-profile remains practically unchanged during the high power LH phase (t = 0.4-0.9 s), in which no significant changes in the kinetic profiles as well as in the LH deposition profile occur. The modelling indicates that the utilized LH power waveform satisfies the conditions required for the fishbone-like mode destabilization. As result of the broad experience obtained in experiments performed in other devices too, such a model approach for determining the evolution of the q-profile appears robust enough, as the consistency of the q-profile evolution and the characteristic onset timing of the relevant MHD activities were generally found. This modelling is thus useful for designing the operating parameters and for interpreting experimental results depending on the q and magnetic shear profile evolution.
The experiment considered in this work was performed with a lithizated vessel, as it provides a radially broader T e profile than in the standard boronized vessel, as well as a lower Z eff . As a consequence, a slower current diffusion is produced with respect to the first experiment in which fishbones were observed on FTU [1] that operated in a boronized vessel. The present slower current diffusion is useful for the goal of accurate search of the fishbone-like mode destabilization conditions, as a more controllable evolution of the plasma current density profile is achieved by LHCD. Due to the relatively slow current diffusion obtained during the experiment, this search could be extended to fishbone-like instability expected to occur also for q min 2. In this latter case, it would be sufficient to perform the LH power coupling by properly advancing the radiofrequency power waveform, as the modelling indicates (t 0.15 s). This study will be performed in the next experiments.
Analysis of fishbone-like MHD activity at FTU
The signals collected by the soft x-ray camera has allowed the present MHD analysis to be performed. The overview of the MHD activity is given in figure 3 , showing the time evolution of a horizontal soft x-ray signal (top) from a central horizontal channel and its Fourier spectrum (bottom).
The MHD activity consists of sawtooth, sawtooth precursors and fishbone-like structures as well, with varying mode amplitude and mode number m = 1, n = 1. The onset of modes starts at f = 14 kHz and t = 0.38 s just after the highest LH power step (0.5 MW at 0.36 s, see figure 1(d) ), and is consistent with the q-profile evolution shown in figure 2 where the intersection of the q min ≈ 1 occurs at t ≈ 0.4 s. The steep increase in SXR emission occurring at t = 0.72 s is due to a transient increase in the Molybdenum spectroscopic level (from t = 0.72 to t = 0.78 s), and is attributable to unwanted ingress of impurity. This occurrence produces effects not of significance for this analysis, as discussed below.
The phenomenology of MHD activity in the discharge appears more clearly in figure 4(a) , which magnifies the time window of figure fast Fourier transformed (FFT) spectrum (at the bottom of figure 4(a) ), and fishbones-like and sawtooth precursors that have a more continuous nature. As shown in figure 4(b) , which magnifies the FFT spectrum at the beginning of the initial time interval of (a), the first sawtooth appears at t = 0.659 s, preceded by its precursor and followed by a fishbone-like structure at t = 0.667 s, and then again, a sawtooth (with its precursor) at t = 0.677 s and a fishbone-like structure at t = 0.685 s and so on. Figure 4 (c) shows a particular time window of (a) (in the time interval around t = 0.76 s), in which the fishbone-like activity is stronger and accompanied by a higher level of the FEB camera signal, sufficient for performing the analysis of the fast electron behaviour with the necessary accuracy (see the next section). Figure 4 (d) corresponds to the time window (t 0.85 s) in which the LH power has been just switched off and shows that the fishbone-like structure is no more present. Therefore, it is the LH power which is the important condition for the appearance of the fishbone-like activity.
Incidentally, the occurrence of the fishbone-like signatures is independent of the Mo ingress, as they are present before and later in time with respect to the Mo ingress. The fishbone-like activity is still present when the standard level of molybdenum is restored (from t = 0.80-0.85 s,) at the same value occurring before the impurity ingress (for t = 0.40-0.72 s). We retain that the impurity influx would produce only minor changes in the q-profile evolution, as it does not produce detectable changes in the kinetic profiles. Such perturbation of the q-profile evolution would possibly result in some increase in the rapidity of the current relaxation, not determinant for the fishbone behaviour.
As fishbones should be ideal modes, they would not produce changes in the thermal electron distribution, resulting in a drop in the soft x-ray emissivity. Considering the relevant activities shown in figure 4(c), in concomitance with the sawtooth crash occurring at t ≈ 0.75 s, a marked change (of about 30%) occurs. The close fishbone-like activity (at t ≈ 0.76 s) exhibits a change in emissivity much smaller (of about 10%), attributable to the trend of recovery of the natural level of emissivity consequent to the Mo ingress. Indeed, in the next fishbone-like event (at t ≈ 0.78 s), the change in soft x-ray emissivity is practically absent.
The FFT amplitude of soft x-ray emission for three different plasma discharges of FTU is shown in figure 5 . The experiments have been performed, respectively, from the top to the bottom of the figure, with no LH power, with 0.3 MW (the utilized LH power waveform is the same as in figure 1(d) ) and 0.5 MW (it is the same plasma of figure 1 ). Signatures attributable to fishbone-like structures do not appear at all with 0 MW of LH power. The occurrence of some unmarked phenomena at 0.3 MW would indicate that a threshold condition occurs at 0.3-0.5 MW.
Information on the spatial localization of the fishbone-like activity is provided in figure 6(a) , where the FFT amplitude of soft x-ray emission is given as a function of radius and time, in a time window (0.68-0.82 s) including most of that of figure 4(a) . The fishbone-like activity appears quite localized around minor radius r = 0.06 m (r/a ≈ 0.2). This location changes slightly over time, during the stronger phase of MHD activity (from t = 0.72 to t = 0.78 s); they are more around r = 0.08 m (r/a ≈ 0.3) and much stronger (the signal level is eight times higher). In similar discharges produced operating with the same parameters, but without LH power (as in the case at the top of figure 5 ), the MHD signal shows no fishbone activity at all, but only sawtooth activity. Therefore, again, it is the LH power which is the important condition for the appearance of the fishbone-like activity. Figure 6(b) is based on the same data of (a). The position of the q = 1 surface 
Redistribution of the fast electron population during fishbone activity
During the experiment the data of the FEB camera have been collected and the analysis tool is described as follows. Due to the short time scale of the fishbone oscillation, the FEB raw data have been analysed before the standard elaboration, which consists of the energy discrimination and time integration. This option is provided by the special feature of the FTU FEB diagnostic system for performing these operations by software. Details are given in [5] .
The main obtained results are summarized in figure 7 . represents the time-integrated radial profiles of the fast electron data by FEB camera, obtained, respectively, at the different time windows: just before, after the maximum and at the end of the strong MHD occurrence (as indicated in figure 7(a) ). These profiles are plotted with the normalized minor radius in the abscissa and refer to an energy range of 40-60 keV. It is worth noting that the peaks of figure 7(b) occurring in the layer r/a = 0.25-0.45 m are located in the radial position consistent with the LH power deposition (not shown here) modelled utilizing the tool in [9, 10] . The small peak located very off-axis is instead due to artefacts intrinsic to data manipulation.
Further details of the fast electron redistribution occurring during fishbone activity are provided, for the same case as figure 6 , by the energetic spectra of chord integrated FEB signals for the radial layer r/a = 0.28, in the range of energy 40-180 keV. This result is shown in figure 8 and indicates that the electron redistribution also occurs in terms of energies.
It would be useful now to understand and compare the characteristic time of expulsion of energetic electrons from the layer where they are created with the quasi-linear diffusion time, i.e. the characteristic time due to the lower hybrid in which the fast electron population is formed. It is obvious that the latter must be shorter than the former in order to explain the feature of figure. An estimate of the quasi-linear diffusion time in which the fast electron tail will be restored in the layer where the LH is absorbed can be analytically evaluated. The following expression is obtained by considering the FokkerPlanck equation (see [1] ):
where t coll(e-e) is the for electron-electron collisional time, u || is the resonance width of the coupled LH spectrum in the velocity space normalized to the electron thermal speed, u 1|| is the lower bound of the spectrum, i.e. ≈3.5u the to satisfy the electron Landau absorption criterion, n || ≈
, wherê D 0 is the normalized quasi-linear diffusion coefficient that is correlated with the absorbed power and T e is the electron temperature in keV. In the LH FTU experiment, we have that the absorbed lower hybrid power in the layer where q < 1 is 0.5 MW for the case under consideration; thus,D 0 is about 2.5 and the launched n ||launch ∼ 1.5. Consequently, by inserting these values in equation (1), the quasi-linear time is t ql ∼ = 2.8 ms. This time is a fraction of the characteristic time for the expulsion of the fast electrons from the surface where they are created; this means that the behaviour shown in figure 7 (b) can be explained by the fact that when the energetic electrons are expelled from the layer of birth, the LH acts to restore the new population of fast electrons in a time shorter than the expulsion time.
Comment and conclusions
The available modelling tools and FTU facilities, consisting of the lithizated vessel, the LH current drive system and the new high precision analysis tool for FEB data, have been revealed useful for performing an accurate search of the electron fishbone-like instability, in the conditions expected by theory [1, 4] . Due to the relatively slow current diffusion obtained during the experiment, this search was performed for q min ≈ 1, but it could be extended also to fishbone-like instability expected to occur for q min 2. In this latter case, it would be sufficient to perform the LH power coupling by properly advancing the radiofrequency power waveform, as the modelling indicates (t 0.15 s). This study will be performed in the next experiments planned on FTU.
In the utilized operating conditions, the electron fishbonelike instability appears quite well developed only in discharges in which a sufficient LH power (0.5 MW) is coupled. The observed phenomenology should be reasonably attributed to quasi-steady-state non-linear oscillation (fixed point), not followed by the typical regular bursting phenomenology (consistent with the limit cycle), which was instead observed in the previous experiments of FTU at higher LH power (1.7 MW) and in a boronized vessel [1] . The present results indicate that the possible threshold in power for the observed activity should be located between 0.3 and 0.5 MW.
The new high precision analysis tool for FEB data of FTU show clear effects of LH-driven fast electron population and electron fishbones, when the q-profile meets the condition q min ≈ 1. A marked redistribution in space occurs across layers centred at r/a ≈ 0.20-0.33. By comparing the FEB and soft x-ray available data, the fast electron population redistribution occurs, during the burst, in phase with the fishbone oscillation and with the same time scale. In addition, the fishbone activity seen by the soft x-rays has the same radial position of the peak emission seen by the FEB, which indicates that fast electrons and fishbones should be connected in time and space. The radial redistribution has been analysed during the dynamic evolution of a fishbone burst (one single mode, no transition). The hard x-ray analysis displays sliding time windows centred at the beginning (unperturbed distribution), after burst peak (maximum redistribution) and at the burst minimum (evidence of partial reconstruction of electron distribution). Consistency is found with the mode non-linear dynamics, as theoretically conjectured in [1] . As the new fishbone studies are done at lower LH power than in [1] , they aim to investigate the simpler case of a single burst. The LH quasi-linear time is a fraction of the characteristic time for the expulsion of the fast electrons from the surface where they are created; this means that the behaviour shown in figure 7(b) can be explained by the fact that when the energetic electrons are expelled from the layer of birth, the LH acts to restore the new population of fast electrons in a time shorter than the expulsion time.
Next experiments planned in FTU are aimed at fully assessing the electron fishbone phenomenology by utilizing higher LH power and different LH power waveforms useful for destabilizing modes at q min 2. Higher electron temperatures will be produced by means of the ECRH power, for further reducing the plasma current relaxation, enhancing the available FEB camera level and, consequently, having higher precision for data analysis of the fast electron population.
